The enumeration of phages infecting host-specific strains of Bacteroides has been widely recognised as an effective and low-cost method of microbial source tracking (MST). A recently described humanspecific Bacteroides host strain (GB-124) has been shown to detect bacteriophages exclusively in human-impacted waters and is emerging as a useful MST tool. However, a better understanding of the morphology and ecological behaviour of the phages, especially in wastewater disinfection processes, is now required in order to validate their role as MST markers. Bacteriophages infecting Bacteroides fragilis GB-124 (n ¼ 21) were isolated from wastewater effluent and irradiated using laboratory-based UV-C (254 nm) collimated beam experiments. Bacteriophages were found to be both a morphologically and ecologically homogeneous group, with all specimens showing highly similar first order log-linear inactivation profiles (mean fluence required to inactivate phages by 4log 10 was 36 mJ/cm 2 ). These findings present the first evidence that phages infecting GB-124 are inactivated by the levels of UV-C radiation routinely delivered during tertiary wastewater treatment processes. More importantly, comparison with previously published inactivation data suggests that their response to UV-C radiation makes GB-124 phages more suitable surrogates for selected enteric viruses in UV disinfection processes than traditional faecal indicator bacteria or human-specific molecular markers. Key words | enteric viruses, faecal, point-source, wastewater improved the quality and comparability of phage-based MST investigations. The US Environmental Protection Agency has recently identified research into phages infecting 262
INTRODUCTION
The correct identification of faecal sources delivering microbial pollution to waterbodies is key to enabling effective remediation efforts, reducing the health risk to both recreational and drinking water users from exposure to waterborne pathogens and delivering cost-effective water management strategies (Scott et al. ; Field & Samadpour ) . Consequently, numerous microbial source tracking (MST) methods have been proposed in recent years that that can distinguish faecal pollution sources within waterbodies. Candidate methods include both library-dependent and independent approaches, those based on molecular methods and those based on more traditional culture techniques.
Among the culture-based methods currently in use, bacteriophages (phages) infecting Bacteroides host strains have shown promise (Payan et al. ; Ebdon et al. ; Wicki et al. ) . The use of phages as an indicator of human faecal material is a relatively rapid and inexpensive way to determine the source of faecal material in aquatic systems. Moreover, the introduction of international standard methods for three phage groups (Anon a, b, c) has provided clear protocols that allow comparison of data obtained from different studies, and this has greatly Bacteroides spp. as a 'high priority critical research need' (Ashbolt et al. ) .
An effective MST marker, whether culture or molecularbased, should demonstrate similar ecological persistence to the pathogens of concern (Engelbrecht & Greening ; Cimenti et al. ) , and in order to develop a useful model of enteric pathogen/indicator interaction, the survival characteristics of proposed indicators must first be described (Ballesté & Blanch ) . Evidence suggests that UV irradiation is an important mechanism for the inactivation of both faecal indicator organisms (FIOs) and enteric patho- Phages infecting GB-124 have not previously been isolated and their persistence in the presence of UV radiation has not previously been explored. This study is the first to isolate and investigate members of this important group and to assess how their response to UV-C may influence their application in MST studies. The research sets out to determine the inactivation kinetics of GB-124 phages in response to 254 nm ultraviolet radiation (UV-C; representing the germicidal UV employed in wastewater treatment) under controlled laboratory conditions. Proposed standardised methods were used to irradiate phage in this study (Bolton & Linden ) , allowing the data generated to be compared with those of other previously reported studies.
MATERIALS AND METHODS

Isolation of phages infecting B. fragilis strain GB-124
One-litre grab samples of wastewater effluent were collected from a wastewater treatment works (WwTW) in South East were selected for further isolation work, and 20 plaques were selected during each round of isolation; this is considered the minimum number required to estimate population diversity (Bianchi & Bianchi ) . Agar plugs containing plaques were picked from plates using a sterile glass Pasteur pipette and were suspended in 400 μL of buffer (19.5 mM Na 2 HPO 4 , 22.0 mM KH 2 PO 4 , 85.5 mM NaCl, 1.0 mM MgSO 4 , 0.1 mM CaCl 2 ) in a sterile microcentrifuge tube. The suspension was incubated for 4 h at 4 W C to allow phage diffusion from the agar plug into the buffer. One hundred microlitres of phage-infected buffer (and dilutions thereof) were retested using the double-agar method mentioned above in order to confirm the presence of phages.
Plaques were picked for a second time from confirmatory plates with widely spaced zones of lysis and suspended in 400 μL of buffer for 4 h at 4 W C. This suspension was added to 27 ml of GB-124 in exponential growth phase (approximately 2 × 10 8 plaque forming units, pfu/ml) in a glass culture tube (filled to capacity to exclude air) and incubated anaerobically for 18 h at 36 W C, producing crude lysates. One millilitre of each crude lysate (and dilutions thereof) was assayed for phage viability, using the double-agar method described above. Lysates that produced plaques were selected for further work. Remaining volumes of lysates that produced plaques (seven in each round of isolation) were added to separate 620 ml suspensions of GB-124 in exponential growth phase and incubated anaerobically for 18 h at 36 W C. Crude lysates containing no lytic phages (absence of plaques) were discarded.
Phage lysates were concentrated and purified by precipitation with polyethylene glycol in accordance with methods described elsewhere (Yamamoto et al. ) . Briefly, following incubation, phage suspensions were kept at 4 W C and NaCl added to a final concentration of 1 M. After 1-2 h, suspensions were centrifuged at 1,800 × g for 10 min to remove bacterial debris. Polyethylene glycol 8,000 was added to the supernatant to a final concentration of 10 % (w/v), mixed for 30 min using a magnetic stirrer and left for 12 h at 4 W C. Suspensions were centrifuged at 11,000 × g for 10 min
at 4 W C in order to produce a pellet of phage precipitate.
The supernatant was discarded and 30 ml of buffer (prepared as above) added. Suspensions were stored at 4 W C for 18 h, allowing the pellet to soften. The pellet and overlying buffer were mixed by gentle pipetting and further debris removed by centrifugation at 1,500 × g for 10 min. The observed titre of the resulting suspensions was between 2 × 10 8 and 3 × 10 11 PFU/ml. Suspensions were stored in light-tight glass tubes in the dark at 4 W C. In total, 21 phages were isolated and named B124 phage.
Transmission electron microscopy
Ten microlitres of phage preparation (10 À1 dilution of the original high titre lysate as detailed above) was deposited on 200 mesh Formvar/Carbon copper electron microscope grids (Agar Scientific, UK) and left to absorb for 2 min.
The excess suspension was withdrawn using Whatman
No. 1 filter paper (Whatman, UK) and 10 μL of 0.22 μm filtered 1% w/v uranyl acetate stain (pH 4-4.5) was added to the grid and left for 1 min. The excess was withdrawn using filter paper and grids were left to air dry before being viewed by transmission electron microscopy (Hitachi-7100 at 100 kV). Twenty-one phage suspensions were examined thus.
UV irradiation and experimental design
It was not feasible to fully assay the inactivation kinetics of all 21 isolated phages for UV-C radiation. Therefore a representative subset of seven phages was selected for further in-depth UV inactivation experiments. This subset consisted of phages requiring the highest (B124-10, -12 and -21), the lowest (B124-1 and -29) and mean levels of UV-C radiation to inactivate them (B124-35 and 54) and was achieved using low-resolution, rapid screening tests (data not shown). The selected subset therefore encompassed the range of inactivation rates likely to be observed in phages infecting GB-124 present in wastewaters exposed to tertiary UV treatment.
Two monochromatic 254 nm (UV-C) low-pressure low- It is interesting to note that although a total of 60 phages 
UV-C inactivation kinetics
The dose-response curves for UV-C irradiation of all seven phage specimens are shown in Figure 2 (data are presented as log 10 phage inactivation (N o /N) versus fluence (mJ/cm 2 )).
All irradiated phage specimens showed a significant (p ¼ 0.000) negative relationship between log 10 PFU/100 μL and fluence, with minimal range: Pearson product-moment correlations ranged from À0.98% (B124-10, -12, -29 and -35) to -0.99% (B124-1, -21 and -54) , with a mean value of À0.98% and 0.006 mJ/cm 2 standard deviation (SD). Using the GInaFiT modelling software, the relationship between log 10 inactivation and fluence was linear positive for all phage specimens examined. All phage displayed a similar relationship to increasing fluence, and the inactivation rate constants (k) derived from linear regression analysis are shown in Table 1 . The k values varied from 0.099 mJ/cm 2 (B124-54) to 0.139 mJ/cm 2 (B124-10), with a mean value of 0.114 mJ/cm 2 (SD ¼ 0.014 mJ/cm 2 , range ¼ 0.04 mJ/cm 2 ). Fluences needed to achieve a 4-log 10 inactivation of the phage ranged from 29 mJ/cm 2 (B124-10) to 41 mJ/cm 2 (B124-54; Table 1 ). The mean value was 36 mJ/ cm 2 (range ¼ 12 mJ/cm 2 ; SD¼ 4.07 mJ/cm 2 ). Statistical analysis showed that the inactivation curves of the seven phages were not significantly different to each other (t test;
p ¼ 0.874). The fact that all phage suspensions irradiated in this study had similar inactivation rate constants is consistent with their similar morphology, and, as consistent environmental behaviour is more likely, again supports their candidacy as an effective MST tool.
Possible implications for pathogen surrogacy
If the fluences required to inactivate an indicator are more closely aligned to pathogens of concern (such as culturable, wastewater effluents than traditional faecal indicator bacteria (Anon ). Therefore, caution is required when using such methods to quantitatively apportion and forecast faecal inputs from wastewaters subjected to UV treatment processes.
The fluence requirements necessary to inactivate B124 phages were shown to be closely aligned with those of other phages and viruses reported in the literature ( 
CONCLUSIONS
The findings from this study may be summarised as follows:
1. Phages infecting GB-124 appear to be a homogeneous group demonstrating morphology typical of the Siphoviridae family. Work is currently being undertaken to sequence B124 phages to support efforts to understand the mobile genome of the human gut microbiome and to aid family classification.
2. The UV-C inactivation kinetics of phages infecting Bacteroides strain GB-124 are highly homogeneous and similar to other siphoviruses reported in the literature. 
